Apaf1 is a key regulator of the mitochondrial intrinsic pathway of apoptosis, as it activates executioner caspases by forming the apoptotic machinery apoptosome. Its genetic regulation and its post-translational modification are crucial under the various conditions where apoptosis occurs. Here we describe Ku70/86, a mediator of non-homologous end-joining pathway of DNA repair, as a novel regulator of Apaf1 transcription. Through analysing different Apaf1 promoter mutants, we identified an element repressing the Apaf1 promoter. We demonstrated that Ku70/86 is a nuclear factor able to bind this repressing element and downregulating Apaf1 transcription. We also found that Ku70/86 interaction with Apaf1 promoter is dynamically modulated upon DNA damage. The effect of this binding is a downregulation of Apaf1 expression immediately following the damage to DNA; conversely, we observed Apaf1 upregulation and apoptosis activation when Ku70/86 unleashes the Apaf1-repressing element. Therefore, besides regulating DNA repair, our results suggest that Ku70/86 binds to the Apaf1 promoter and represses its activity. This may help to inhibit the apoptosome pathway of cell death and contribute to regulate cell survival.
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Apaf1 is regulated at several levels. As regards the transcriptional control, it is well established as being positively regulated by p53 6, 7 and E2F1, 8 factors involved in apoptosis and cell cycle regulation. It has been demonstrated that p53 recognizes and binds two sites on the human promoter of Apaf1, 8 and that this interaction seems to be enhanced by Zac-1, a transcription factor involved in the induction of G1 arrest. 9 In addition, E2F1 has been reported to induce apoptosis by directly activating Apaf1. 10 Regarding epigenetic regulation, Apaf1 promoter seems to be silenced by methylation in several tumours (albeit this finding is still controversial in some cases). [11] [12] [13] [14] Histone deacetylase (HDAC) inhibition activity restores the Apaf1 expression in mouse developing retina; 15 this was also observed in developing but not in mature neurons, unless E2F1 was concomitantly expressed. 16 In particular, HDAC inhibition resulted in an increased binding of E2F1 and p53 to the Apaf1 mouse promoter. 15 Moreover, different Apaf1 levels correlated with differences in the levels of E2F1 and were found to be critical for allowing cytochrome c to induce apoptosis in brain tumours but not in normal tissues. 17 Being a positive regulator of the apoptotic cell death, Apaf1 transcriptional regulation is crucial under the various conditions where apoptosis occurs, such as in driving development, controlling tissue homeostasis and preventing the propagation of DNA-damaged cells.
The main damage to DNA helices is the double-strand break (DSB), which is essentially repaired by the nonhomologous end-joining (NHEJ) pathway. 18 This repairs the DNA by a homology-independent mechanism rejoining broken ends irrespective of the sequence. Upon exposure to different genotoxic insults, the Ku70/86 heterodimer (Ku) binds to the DNA broken ends and recruits the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs). The formation of this complex results in the subsequent recruitment and phosphorylation of other proteins, such as XRCC4, DNA Ligase IV, Cernunnos/XLF and Artemis so as to ligate the DNA broken ends. 19 Ku seems to be critical for cell survival, as the failure of the cells to carry out DNA repair results in an apoptotic response. The Ku70 and Ku86 proteins were originally found as a major target of auto-antibodies taken from Japanese patients with scleroma-polymyositis overlap syndrome. 20 Current knowledge on Ku deals with its fundamental role in DNA repair, but it is also implicated in other cellular processes, including telomere maintenance, antigen receptor gene arrangements (VDJ recombination), regulation of specific gene transcription and apoptosis. 19 Indeed, Ku70 can sequester Bax from the mitochondria and mediate Bax de-ubiquitylation. 21 Regarding its transcriptional function, Ku has been reported to act in both a sequencenonspecific and -specific manner. This factor has been found to be associated with RNA polymerase II elongation sites without a sequence-specific DNA binding. 22 On the other hand, there are several reports indicating that Ku acts as a transcription factor: for example, in the repression of the human a-myosin heavy-chain promoter during heart failure; 23 or in contributing the oncogene ERBB2 overexpression in breast cancer cells by interacting with activator protein-2 transcription factors. 24 In this report we analyse the transcriptional regulation of murine Apaf1 and we demonstrate a functional interaction between Ku70/86 heterodimer and a specific region of Apaf1 promoter. We find that Ku acts as transcription repressor, leading to a downregulation of Apaf1 expression. In particular, our findings suggest that, upon DNA damage, Ku exerts a pro-survival role not only through repairing DNA damage, but also contributing to modulate Apaf1 expression.
Results
Analysis of murine Apaf1 promoter activity. To investigate the transcriptional modulation of murine Apaf1, we focused on a 7 kb region of the Apaf1 promoter (À4210) (Figure 1a ). We generated three deletion constructs (D À1509; D À589; D þ 305) ( Figure 1a ) and placed them upstream of the firefly luciferase cDNA, in order to compare their activity and to identify relevant regions for transcriptional regulation. These constructs were transfected in different cell types (B 16 F 12 , murine melanoma cells; C 3 H 10 T 1/2 , murine fibroblasts; ImimPc-2, human pancreatic primary solid tumor cells; and ETNA, Embryonic Telencephalic Naïve Apaf1 cells), and the relative promoter activities were measured. As reported in Figure 1b comparable activities whereas, as expected, the construct D þ 305 shows an activity comparable with that of the pG13-basic empty vector, as it lacks the minimal regions required for transcription. On the basis of this observation, we hypothesized the existence of a promoter regulatory element in a region of about 1000 bp. This element is located between nucleotides À1509 and À589 and is able to repress Apaf1 promoter activity.
Identification of the repressing element on Apaf1 promoter. To identify the smallest region able to suppress Apaf1 expression, we generated an additional series of deletion constructs (referred as 1-7) (Supplementary Figure  1) and transfected them in the ImimPc-2 and ETNA cell lines. We found that a region of about 110 bp, located between D À1509 and D À1402, was involved in promoter repression. Indeed, all the constructs that did not contain this fragment, displayed a higher activity than that observed for À4210 and D À1509 (Supplementary Figures 1B and C) . Therefore, this region should reasonably include the site able to repress Apaf1 promoter activity. We divided the fragment between À1509 and À1402 into two regions, E1 and E2, each about of 50 bp, and cloned them upstream of the construct D À589 (Figure 2a ) to verify their ability to modulate normal promoter activity. Region E1 significantly decreased D À589-promoter activity in ImimPc-2 and ETNA cells, whereas E2 only partially reduced such activity in ETNA (Figure 2b and c).
In addition, we cloned E1 upstream of a control promoter, pCMV (E1pCMV). We compared the activity of the two constructs (pCMV and E1pCMV) so as to test the ability of this region to act as an autonomous repressor element. Our analyses showed that the presence of E1 significantly decreased pCMV activity in both the cell lines analysed (Figure 2d and e). Moreover, in silico analysis performed by the multiple alignment of the E1 region against Apaf1 promoter sequences of different organisms revealed a high conservation of this sequence in mammals (Supplementary Figure 2) . Taken together, these data indicate that E1 could represent a novel-repressing element involved in Apaf1 transcriptional regulation.
Ku70/86 binds Apaf1 promoter in vitro. To identify factors involved in the activity of this repressor, we performed an electrophoretic mobility shift assay (EMSA). By incubating nuclear extracts from ImimPc-2 and ETNA cells with a radioactively labelled E1 oligonucleotide, we observed a supershift band in both samples (Figure 3a ). This suggests that the E1 fragment is recognized and bound by some To detect these putative factors, we carried out a DNA pull-down assay. Biotinylated double-stranded oligonucleotides containing the E1 sequence or an unrelated one, as a negative control, were associated to streptavidinecoated beads and allowed to react with nuclear extracts from ETNA cells. Bound proteins were eluted using an excess of free oligonucleotides and analysed by SDS-PAGE. After Figure 3b ). The protein bands were excised from the gel, digested with trypsin, and subjected to MALDI-MS/MS for protein identification. As described in Table 1 , mass spectrometry analysis identified the two proteins as Ku70 and Ku86.
Ku70/86 binds Apaf1 promoter in vivo and represses its transcription. To confirm the interaction between Ku70/86 and Apaf1 promoter in vivo, we performed a chromatin immunoprecipitation (ChIP) assay. Cross-linked chromatin from ETNA cells was immunoprecipitated with antibodies against the heterodimer Ku and the RNA polymerase II (Pol II), as a positive control. We found that Ku specifically binds the E1 region of Apaf1 promoter at variance with the negative control G6pdx, as shown in the anti-Ku immunoprecipitated sample subjected to quantitative realtime PCR using Apaf1 promoter oligonucleotides ( Figure 3c ). On the basis of these results, we set out to establish the functional role of this interaction. As these proteins function synergically, we analysed the effect of Ku70 silencing on Apaf1 promoter activity (Figure 3d and e). In fact, it has been reported that Ku70-deficient mice exhibit decreased levels of Ku86, and vice versa. [25] [26] [27] We found that 72 h of transfection are sufficient to efficiently knockdown Ku70/86 ( Figure 3e ). Quantitative real-time PCR and immunoblotting analyses showed that a significant increase of Apaf1 mRNA and protein levels occurred both in ImimPc-2 and in ETNA cells when compared with cells transfected for 72 h with an unrelated control oligonucleotide (Figure 3d and e). Conversely, when we transfected ETNA cells with both Ku70 and Ku86 expressing vectors (pKu70/86), we observed a decrease of Apaf1 expression (Figure 3f ). Taken together, these data show that Ku70/86 binds Apaf1 promoter and represses Apaf1 expression.
Ku70/86 binds dynamically the Apaf1 promoter and modulates its expression upon DNA damage. As Ku is known to be involved in DNA damage repair, we decided to explore whether Ku/Apaf1 promoter interaction is modulated following induction of DNA damage by hydrogen peroxide or etoposide in ETNA cells. Fluorescence images and immunoblotting analyses displayed the occurrence of histone H2A.X phosphorylation (Figure 4a -c) and the oxidative modification of deoxyguanosine (8-OHdG) (Supplementary Figure 3A and B), which are well-established markers of DNA lesion, 28, 29 already after 1 h of hydrogen peroxide or etoposide incubation. This event correlates well with Ku70 accumulation within the nuclei either upon hydrogen peroxide or etoposide treatment (Figure 4b and c), suggesting that Ku70 had a crucial role in DNA repair process also under our experimental conditions. We then assessed whether this nuclear accumulation was associated with the modulation of Apaf1 expression, focusing on a time window of 6 h when apoptosis was not still executed (Supplementary Figure 4) . We found that Apaf1 mRNA and protein levels were significantly decreased by about 30% with respect to the control in both Of note, Pol II is poised on the transcription start region of Apaf1 promoter during the first 3 h of treatment, when Ku binds Apaf1 promoter, and Apaf1 mRNA levels are significantly decreased, see in Figure 5d . As there are multiple steps between Pol II recruitment on TSP and productive elongation, 30, 31 this result could be explained by the fact that Pol II has to be ready for the subsequent activation of Apaf1 transcription.
Moreover, Apaf1 repression is exclusively dependent on DNA damage, as other apoptotic stimuli, such as protein kinase C-inhibition by staurosporine (STS), did not affect Apaf1 transcription through Ku/Apaf1 promoter binding (Supplementary Figure 5) .
These data indicate that, upon DNA damage, Apaf1 transcription is dynamically modulated by the Ku complex.
Ku70/86-mediated Apaf1 regulation modulates cell death upon DNA damage. To detect whether Apaf1 modulation mediated by Ku70/86 binding concurred to cell death control, we analysed during a time course the events underlying the mitochondrial pathway of apoptosis after hydrogen peroxide treatment. Analysis of cytochrome c subcellular distribution indicated that cytochrome c was released from mitochondria , treated with hydrogen peroxide (500 mM) for 1 h and then replaced with fresh medium for 1 and 6 h (T1 and T6), or treated with etoposide (20 mM) for 1 and 6 h (T1 and T6). Next, they were fixed and immunostained using an antigH2A.X antibody (green), counterstained with DAPI (blue) for the determination of nuclei and then observed by confocal microscopy (scale bar, 10 mm). (b and c) ETNA cells were left untreated (ctr), treated with hydrogen peroxide (500 mM) for 1 h and then replaced with fresh medium for 1, 3, 6 and 12 h (b), or treated with etoposide (20 mM) for 1, 3, 6 and 9 h (c). Total, cytosolic and nuclear cell extracts were subjected to SDS-PAGE and analysed for Ku70 (total, cytosolic and nuclear extracts) and gH2A.X (nuclear extracts) protein levels. Actin was used as a loading control for total and cytosolic extracts; H2B was used as a loading control for nuclear extracts. Immunoblots reported are from one experiment representative of three that gave similar results. Densitometric analyses were calculated using the software AlphaEaseFC, normalized for actin (cytosolic fraction) or H2B (nuclear fraction) and reported as arbitrary units (a.u.) and the mean±S.D.; *Pr0.05, **Pr0.01 (Figure 6a ). However, caspase 3 was activated only at 6 h of treatment, time at which Apaf1 resulted to be no more inhibited (Figure 6a ), suggesting that the downregulation of Apaf1, occurring early upon DNA damage, had a role in the inhibition of caspase-3 cleavage, even in the presence of cytosolic cytochrome c. Moreover, under conditions of Ku downregulation by siKu70 transfection in ETNA cells, the decrease of Apaf1 mRNA and protein levels was not observed upon hydrogen peroxide treatment (Figure 6b-d) . In contrast, the protein levels of Apaf1 and cleaved caspase 3 were greatly enhanced, when comparing siKu70-versus siCtr-transfected ETNA cells already after 1 h of treatment (Figure 6c and d) . Similarly, under these conditions, cytochrome c was released into the cytosol at the same extent both in Ku70-proficient and -deficient ETNA cells (Figure 6c and d) . Also, caspase 3 was activated even in the absence of H 2 O 2 (Figure 6c and d) . This suggests that Ku depletion can induce an upregulation of Apaf1 expression, which may be sufficient to activate caspase 3.
To further corroborate this assumption, we transfected an Apaf1-expressing vector (pApaf1) lacking E1 regulatory region recognized by Ku70/86, in Apaf1-deficient cells named ETNA À/À cells 32 ( Figure 6e and f). Cleaved caspase 3 was already detected as soon as Apaf1 was re-introduced in these cells. Moreover, no significant change of Apaf1 protein and mRNA levels were observed in pApaf1-transfected cells upon H 2 O 2 treatment, although this resulted in DNA damage and, in turn, in the phosphorylation of histone H2A.X. This finding suggests that the downregulation of Apaf1 expression, observed upon DNA damage, mainly depends on the effect of Ku on Apaf1 transcription.
Taken together these data indicate that Ku70/86-dependent modulation of Apaf1 expression contributes to the regulation of the apoptotic pathway occurring upon DNA damage induction.
Discussion
Here we demonstrate that a specific sequence of Apaf1 promoter functions as a repressing element of its activity. The mRNA levels of Apaf1 were evaluated at each time point by quantitative real-time PCR and were normalized to b-actin, used as internal control. Data display the fold-changes of Apaf1 mRNA relative to control cells, which is arbitrary set as one, and were shown as the mean ± S.E.M.; n ¼ 3, *Pr0.05, **Pr0.01. (c) Cell lysates were subjected to SDS-PAGE and assayed for Ku70, Apaf1 (total extract) and cleaved caspase-3 (cytosolic extract) protein levels. Actin was used as loading control. Mitochondrion/cytosol fractionation was performed to assay the presence of cytochrome c within the cytosol. Cu/Zn-SOD (SOD1) was used as marker of the cytosolic fraction. (d) Ku70, Apaf1, cleaved caspase 3 and cytochrome c protein levels in siKu70-transfected cells were calculated by densitometric analysis using the software AlphaEaseFC. Each value was normalized for actin or SOD1 and reported as % of siCtr. (e and f) ETNA À/À cells were transfected with pApaf1-expressing vector or with the empty vector (À) and after 24 h they were left untreated (À) or treated with hydrogen peroxide (500 mM) for 1, 3 and 6 h. (e) Apaf1, cleaved caspase 3 and gH2A.X were assayed in the total, cytosolic and nuclear extracts, respectively. Actin and H2B were used as loading controls. Immunoblots reported are from one experiment representative of three that gave similar results. Density of Apaf1 immunoreactive bands was calculated using the software AlphaEaseFC, normalized for actin and reported as arbitrary units (shown as the mean±S.D.). (f) The mRNA levels of Apaf1 were evaluated at each time point by quantitative real-time PCR using oligonucleotides specific for the C-terminus of Apaf1 mRNA, which do not anneal to the endogenous Apaf1/genetrap fused transcript produced in ETNA À/À cells. Data display the fold-changes of Apaf1 mRNA relative to control cells, which is arbitrary set as one, and were shown as the mean±S.E.M.; n ¼ 3
In fact, the removal of this sequence is enough to increase Apaf1 promoter activity. Mass spectrometry, chromatin immunoprecipitation assay and silencing experiments have revealed that the heterodimer Ku, composed of Ku70 and Ku86 subunits, can bind to this specific sequence of Apaf1 promoter, negatively regulating its expression.
To date, two transcription factors, E2F1 and p53, have been revealed to regulate Apaf1 in response to several stress factors, thus controlling cell cycle progression.
6-8 E2F1 has been also suggested as having a differential capacity to induce Apaf1 transcription, on the basis of Apaf1 promoter association or not with active chromatin. 16 In particular, it has been demonstrated that Apaf1 promoter is associated with active chromatin in developing neurons and repressed chromatin in mature ones. 16 Apaf1 expression drops dramatically during neuronal differentiation and allows mature neurons to resist cytochrome c-dependent apoptosis. 16, 17 Our finding that Apaf1 can be repressed by Ku could provide a further explanation to this event, as Ku has been found to be implicated in telomeric silencing by anchoring telomeres to repressed chromatin. 33 Ku could bind the Apaf1 promoter far more in differentiated cells than in proliferating ones, a hypothesis that our experiments in neuronal precursor cells (ETNA cells) support. In fact, we did not observe a strong Ku/Apaf1 promoter interaction in physiological conditions, as Apaf1 has to be expressed at high levels in neuronal progenitors, in order to guarantee the potential of displaying apoptosis. ETNA cells derive, indeed, from the telencephalon of developing brain at embryonic stage 14.5, when massive apoptosis occurs in proliferating neuronal precursors. 34 Nevertheless, in Ku70/86 double-knockout mice, a dramatic increase of cell death has been detected in developing embryonic neurons. 35 This could be in part due to the enhancement of Apaf1 expression in the absence of Ku/Apaf1 promoter interaction, which might be crucial for having Apaf1 at a threshold level needed for physiological apoptosis in developing neurons.
This work investigated the interaction between Ku and Apaf1 promoter during DNA damage, when cell survival response of DNA damage process is activated. Indeed, Ku has been reported as being involved in several processes, such as in the DNA repair pathway of NHEJ recombination, in silencing telomeres, in apoptosis and in gene transcription regulation. 19 As regards the DNA repair process, it is well known that Ku directly binds the free ends of the doublestranded DNA and recruits the DNA-PKcs and other repair factors, thus promoting numerous signalling pathways. 19 The finding that Ku and Apaf1 promoter could interact with the result of Apaf1 repression led us to hypothesise a possible function of this binding during the DNA repair process. We thus also explored the dynamics of Ku/Apaf1 promoter binding when DNA damage is induced upon genotoxic stress, this by using chromatin immunoprecipitation assay coupled to quantitative PCR. We discovered that Ku binds far more to the target sequence of Apaf1 promoter as soon as DNA damage is induced, when caspase 3 and apoptosis are not yet activated. This results in decreased Apaf1 levels, and suggests that the cell response to DNA damage is not only to repair the damage, but also to maintain lower the levels of at least one of the main apoptotic genes, Apaf1. Indeed, Apaf1 is fundamental for the formation of the apoptosome, which is the core of the apoptotic programme and serves to activate executioner caspases, such as caspase 3.
5 It can be assumed that, when the damage to DNA becomes more severe and irreversibly unrepaired, Ku70/86 moves from Apaf1 promoter thus contributing to the apoptotic response. This idea is corroborated by the kinetics of Ku/Apaf1 promoter interaction that turns out to be comparable with the untreated cells at longer time points. Moreover, fluorescence microscopy analysis of nuclear 8-hydroxydeoxyguanosine (8-OHdG) content, a well-enstablished oxidative marker of DNA damage, indicated that it significantly increased to reach a plateau at 6 h of hydrogen peroxide treatment, without further rise at longer time points (see Supplementary Figure 3) . Thus, the temporary association between 8-OHdG increase and Apaf1 upregulation argues for a causal relationship between the occurrence of an irreversible DNA damage and the release of Ku70/86 from Apaf1 promoter. This suggests that Apaf1 should be transcriptionally upregulated in order to promote apoptosome formation and caspase 3 activation.
Indeed, in such a stress-conditions, other players in the apoptosis pathway could be regulated by the cytosolic protein Ku70, such as the Bcl2-family member Bax. Bax is, in fact, sequestered from the mitochondria and deubiquitylated by Ku70 under normal conditions. Upon induction of apoptosis, Ku70 is acetylated thereby releasing Bax, which, in turn, translocates to the mitochondria and triggers cell death. 21 Therefore, we can speculate that the prompt release of cytochrome c observed upon hydrogen peroxide administration and in Ku-silenced cells, where both in untreated (Ctr) and treated cells (T1) is slightly more released into the cytosol (Figure 6a and c) , is possibly due to Bax translocation to the mitochondria. In this perspective, Ku70/86-mediated modulation of Apaf1 expression upon DNA damage could mainly serve to delay the apoptotic process in order to allow DNA repair.
Also, we could hypothesize the possibility that p53, a well-known transcriptional activator of Apaf1 6-8 and a DNA damage-sensing protein, 36 could have a role in this regulation. In particular, after DNA damage induction, Ku70 and Ku86 form the huge DNA-PK complex with the DNA-PKcs, which in turn activates several pathways by the direct or indirect phosphorylation of different substrates, such as p53. 36 In this scenario, the upregulation of Apaf1 could be the result of both the Ku displacement from Apaf1 promoter and p53 binding.
The repression function of Ku on Apaf1 expression could reconcile the apparent conflicting observations, which indicate that Ku behaves as a tumour suppressor and oncoprotein. 37 In fact, as the impairment of DNA repair process produces genetic instability and, in turn, cancer development, it has been suggested that Ku's loss-of-function induces tumorigenesis. [38] [39] [40] Conversely, its gain-of-function has been associated with hyperproliferation and evading apoptosis of different tumour histotypes. 41, 42 On the basis of the results obtained in this work, it could be speculated that the above-mentioned resistance phenomena are related to a Ku-dependent dysregulation of Apaf1 expression. Indeed, Apaf1 has been reported to be a potent tumour suppressor and drug resistance inducer. 43 Therefore, the identification of factors modulating Apaf1 expression, such as Ku itself, For the deletion constructs the reverse oligonucleotide was 5 0 -AGTGAGA CGTCTG CTCCT-3 0 ; whereas the forward oligonucleotides were the following:
0 , (6) 5 0 -ATGCTAGCTCTCTTGCGGGATCCTC-3 0 and (7) 5 0 -ATGCTAGCTCTAAA TAGGAGAAAGTCTC-3 0 . The construct pCMV-pGL3-basic was generated cloning the CMV promoter upstream the luciferase cDNA into the BglII-SpeI sites.
The constructs E1D À589, E2D À589 and E1pCMV were generated by cloning the double-stranded oligonucleotides (obtained by annealing for 5 min at 951C and overnight at RT) E1 and E2 (5 0 -ATTTACACTAATATATCACTAATATATGCTT GGTTTCAAAGCTACAAAT-3 0 and 5 0 -GATATCCAGAGTCTTTTCTGAATTCTAT TAGCTCTCTTATTCCAC-3 0 ) upstream of the promoters in D À589 and pCMVpGL3-basic constructs, using the sites for BglII and BglII-SpeI, respectively.
The plasmid containing the full-length form of mouse Ku70 (pKu70), cloned upstream the p3XFLAG-CMV-10 (Sigma-Aldrich Inc., St. Louis, MO, USA), was a kind gift of Dr Yasushi Enokido from Tokyo University. pKu86 was obtained by PCR cloning of the full-length mouse Ku86 cDNA between the sites NotI and BamHI (modified to blunt end) of p3XFLAG-CMV-10 vector. As regards pApaf1 expressing vector see. 32 Cell cultures and transfections. The following cell lines were used in this study: ImimPc-2 (human pancreatic tumoral cells), ETNA (embryonic telencephalic naive Apaf1 cells), B 16 F 10 (murine melanoma cells) and C 3 H 10 T 1/2 (murine fibroblasts). They were grown in DMEM (Sigma-Aldrich Inc.) containing 10% fetal bovine serum (FBS, Sigma-Aldrich Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin, in a humidified atmosphere of 5% CO 2 at 371C (except for ETNA cells, which were grown at 331C). Transient siRNA transfection was performed with smart pool siRNA directed against four Ku70 mRNA sequences (siKu70), specific for mouse or human (Dharmacon RNA technologies, Lafayette, CO, USA). Their sequences are available on request. Control cells were transfected with a scramble siRNA duplex (Ambion, Foster City, CA, USA), which does not present homology with any other murine or human mRNAs. Transient expression of siRNA and of each vector was obtained with Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. After 4 h incubation with transfection reagents, the cells were cultured in normal growth medium for the indicated period of time.
Cell treatments. ETNA cells were treated with apoptotic stimulus etoposide (Sigma-Aldrich Inc.) at a concentration of 20 mM for 1, 3, 6, 9, 12 and 24 h; hydrogen peroxide (Sigma-Aldrich Inc.) at a concentration of 500 mM for 1 h and then replaced with fresh medium for 1, 3, 6, 12 and 24 h; and staurosporine (Gibco, Carlsbad, CA, USA) at a concentration of 250 nM for 1, 3, 6 and 24 h.
Luciferase assay. ImimPc-2, ETNA, B 16 F 10 and C 3 H 10 T 1/2 cells were co-transfected with one of the constructs, described above, containing the firefly luciferase and a pRL-TK plasmid that expresses the renilla luciferase, which is used as an internal control of the transfection efficiency. At 24 or 48 h after transfection, cells were harvested and analysed by using Dual-luciferase reporter assay system (Promega). The relative luciferase activity was calculated as the ratio between the firefly luciferase activity and the renilla luciferase activity.
Real-time PCR. RNA was isolated by using RNeasy Micro Kit (Qiagen Inc., Valencia, CA, USA), according to the manufacturer's instructions. For reverse transcriptase reaction, first strand cDNA was synthesized with esa primers by adding 1 mg of RNA with M-MLV reverse transcriptase (Invitrogen). Real-time PCR was performed by using SensiMix Plus SYBR Kit (Quantace Ltd., London, UK). Primers used are the following: mouse Apaf1 forward (N-ter) 5 0 -GTTCAAA GCCGAGACAGGAG-3 0 ; mouse Apaf1 reverse (N-ter) 5 0 -ATTGACTTGCTCCGA GTGCT-3 0 ; mouse Apaf1 forward (C-ter) 5 0 -GCTTGTCTCTGCTGGAGGATA-3 0 ; mouse Apaf1 reverse (C-ter) 5 0 -GTCTGTGAGGAGTCCCCAGT-3 0 ; human Apaf1 forward 5 0 -AACCAGGATGGGTCACCATA-3 0 ; human Apaf1 reverse 5 0 -ACTGAAA CCCAATGCACTCC-3 0 . Real-time quantitation was performed by using a FastReal-Time PCR System (Applied Biosystems, Foster City, CA, USA). Data were normalized to b-actin or to GAPDH. For exogenous Apaf1 mRNA analysis, the normalization was performed with a pGFP plasmid co-transfected together with pApaf1. Fold-change was determined by using the 2 ÀDDCT method. All reactions were performed in triplicate.
Immunoblotting. After rinsing the cultures with ice-cold PBS, cell lysis was performed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Triton X-100, 150 mM NaCl, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 5 mM MgCl 2 ) and a protease inhibitor cocktail (Sigma, St. Louis, MO, USA). A clear supernatant was obtained by centrifugation of lysates at 17 000 g for 10 min. Alternatively, in order to obtain nuclear extracts cells were collected and incubated with 'nucleus buffer' (1 mM K 2 HPO 4 , 14 mM MgCl 2 , 150 mM NaCl, 1 mM EGTA, 0.1 mM DTT, 0.3% Triton X-100, pH 6.4) for 30 min at 41C, then centrifuged at 450 g for 10 min in order to isolate nuclei (pellet) from cytosolic fraction (supernatant). Pellet was finally lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Triton X-100, 150 mM NaCl, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 5 mM MgCl 2 , protease and phosphatase inhibitors). Mitochondrion/cytosol fractionation was obtained by harvesting ETNA cells in hypotonic buffer (15 mM MgCl 2 , 10 mM KCl, 10 mM Tris-MOPS, pH 7.4), supplemented with protease inhibitor cocktail and incubated for 15 min on ice. 1 Volume of 2 Â Mitobuffer (400 mM sucrose, 10 mM TES, pH 7.2, 100 mM EGTA, 2 mM DTT) was added and the cell suspension was homogenized for 40 strokes with a Dounce homogenizer. Samples were centrifuged twice at 900 g for 10 min at 41C to eliminate cell nuclei and unbroken cells. The resulting supernatant was centrifuged at 12 000 g for 15 min at 41C to recover the heavymembrane pellet enriched of mitochondria, and the resulting supernatant was stored as cytosolic fraction. Protein content was determined using Bradford protein assay (Bio-Rad, Hercules, CA, USA). Immunoblots were performed on polyvinylidene difluoride membranes (Immobilon P, Millipore, Billerica, MA, USA). Apaf1 was detected with a rat polyclonal anti-Apaf1 antibody (clone 18H2, Apotech Corp., Lausen, SW, USA) and was used at a concentration of 1 : 1000. The Ku70 or Ku86 were detected with a goat polyclonal anti-Ku70 or anti-Ku86 antibody (clone C-19 or M-20, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a concentration of 1 : 500. The H2B antibody was detected with a rabbit polyclonal anti-H2B (FL-126, Santa Cruz Biotechnology), which recognizes the histone 2B, at a concentration of 1 : 500. Cleaved active fragment of caspase 3 was detected by using a rabbit polyclonal anti-cleaved caspase-3 antibody at a concentration of 1 : 1000 (Cell Signaling, Danvers, MA, USA). Anti-gH2A.X antibody (clone JBW301, Millipore) was used at a concentration of 1 : 1000. Anti-cytochrome c monoclonal antibody (clone 7H8.2C12, BD Biosciences, San Jose, CA, USA) and anti-Cu/Zn SOD (SOD1) polyclonal antibody (Assay Designs, Ann Arbor, MI, USA) were used at concentration of 1 : 1000. Anti-OxPhos Complex I 39 kDa subunit antibody (clone 20C11, Invitrogen) was used at concentration of 1 : 2000. Anti-b-actin (clone AC15) antibody was purchased from Sigma-Aldrich Inc. (1 : 3000 diluted).
EMSA. EMSA was performed using E1 double-stranded oligonucleotide (5 0 -AT TTACACTAATATATCACTAATATATGCTTGGTTTCAAAGCTACAAAT-3 0 ), corresponding to the region located between À1509 and À1402 nucleotides of the Apaf1 promoter. The oligonucleotide was end-labeled using (g-32 P) ATP. Nuclear extracts were prepared as follows: 10 7 cells were centrifuged at 1000 r.p.m. for 5 min, the pellet was resuspended in buffer H (10 mM HEPES pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton, 1 mM DTT, 1 mM PMSF) and incubated on ice for 5 min. After centrifugation at 1000 r.p.m. for 10 min, pellet was washed in buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT). Then it was resuspended in buffer C (10 mM HEPES pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1% IGEPAL, 1 mM DTT) and vortexed for 10 min at 41C. The sample was centrifuged at 13 000 r.p.m. for 5 min and the supernatant was stored at À801C. Protein concentration was determined by Bradford protein assay (Bio-Rad). The extracts were preincubated for 5 min at RT in presence of poly (dI-dC) (Amersham, Buckinghamshire, UK) to reduce aspecific bindings. The reaction was performed at RT for 20 min in binding buffer (50% glycerol, 250 mM KCl, 100 mM HEPES, 1 mM DTT, 5 mg/ml BSA) using 5 mg of nuclear extracts and 20 cpm oligonucleotides. Samples were loaded on a non-denaturing 6% polyacrylamide gel in 0.25 Â TBE (Tris-borate-EDTA buffer) for 2 h at 41C. The radioactive signals were detected using the Storm Imager (Amersham).
DNA pull-down assay. Streptavidin magnetic beads (Promega) were washed three times with Buffer A (5 mM Tris pH 8, 0.5 mM EDTA, 1 M NaCl). Annealed E1 oligonucleotide (biotin-labelled) was incubated with beads for 15 min at RT in buffer A. Beads were then washed twice with buffer A and resuspended in buffer C (5 mM Tris pH8, 1 mM EDTA, 1 mM DTT, 50 mM NaCl). Nuclear proteins, extracted by a nuclear extraction kit (Active Motif, Carlsbad, CA, USA), were incubated with beads bound to the oligonucleotide E1 or to a negative control oligonucleotide (5 0 -GGGGTTGTATGTGTCATACAGCCAGGTT-3 0 ), washed twice with buffer C and eluted in 1 M NaCl or by using oligonucleotide competition. Eluted proteins were analysed by SDS-PAGE and stained with SYPRO Ruby (Bio-Rad).
In-gel tryptic digestion and MALDI-TOF/TOF analysis. Bands were excised from the gels with an automatic spot picker (Investigator ProPic, Genomic Solutions Inc.) and subjected to in-gel tryptic digestion. In brief, gel bands were destained with 50%ACN in 50 mM ammonium bicarbonate. Then, the gel bands were shrunk by addition of 100%ACN. The dried gel pieces were reswollen with 4.5 ng/ml trypsin in 50 mM ammonium bicarbonate and digested overnight at 371C. Peptides were concentrated with ZipTip mC18 pipette tips (Millipore). Co-elution was performed directly onto a MALDI target with 1 ml of a-cyano-4-hydroxycinnamic acid matrix (5 mg/ml in 50% acetonitrile, 0.1% TFA). MALDI-MS and MALDI-MS/MS were performed on an Applied Biosystems 4700 Proteomics Analyzer with TOF/ TOF ion optics. The spectra were acquired in the positive reflector mode by 40 subspectral accumulations (each consisting of 50 laser shots) in a 800-4000 mass range, focus mass 2100 Da, using a 355 nm Nb:YAG laser with a 20 kV acceleration voltage. Peak labeling was automatically done by 4000 series explorer software Version 3.0 (Applied Biosystems) considering only peaks that exceeded a signal-to-noise ratio of 10 (local noise window 200 m/z) and a half maximal width of 2.9 bins. Calibration was performed using peptides resulting from autoproteolysis of trypsin (m/z -842.510, 1045.564, 2211.105, 2239.136 and 2807.300). In addition to peptide mass finger spectra, the five most abundant precursor ion masses having a signal-to-noise ratio higher than 50 were chosen for MS/MS fragmentation. MS/MS spectra were integrated over 1500 laser shots in the 1 kV positive ion mode. Air at the medium gas pressure setting (1.25 Â 10 À6 torr) was used as the collision gas in the CID off mode. The interpretation of both the MS and MS/MS data were carried out with the GPS Explorer software (Version 3.6, Applied Biosystems). Peaks were extracted from raw spectra by the GPS software using the following setting: MS peak filtering -mass range: 800-4000 Da; minimum signal-to-noise ratio: 10. MS/MS peak filtering -mass range: 60-20 Da below precursor mass; minimum signal-to-noise ratio: eight. An exclusion list of known contaminant ion masses of keratin and trypsin was used. A combined MS peptide fingerprint and MS/MS peptide sequencing search was performed against the NCBI nonredundant database without taxon restriction using the MASCOT search algorithm. These searches specified trypsin as the digestion enzyme, carbamidomethylation of cysteine as fixed modification, partial oxidation of methionine and phosphorylation of serine, threonine and tyrosine as variable modifications, and allowed for one missed trypsin cleavage. The monoisotopic precursor ion tolerance was set at 30-50 ppm and the MS/MS ion tolerance at 0.3 Da. Protein identifications were accepted with a statistically significant MASCOT protein search score Z76 that corresponded to an error probability of Po0.05 in our data set. MS/MS peptide spectra with a minimum ion score confidence interval Z95% were accepted. This was equivalent to a median ion score cut off of approximately 35 in the data set. The raw mass spectra were exported to an Excel file, combined with the peak annotations and modification information for identified peptides obtained with the GPS explorer (Supplementary File: Mass Spectrometry Data.xls). Peaks subjected to MS/MS analysis are indicated together with their median ion score.
ChIP assay and quantitative PCR. ETNA cells, grown in 150-mm dishes, were cross-linked by incubating with fixing solution (1% formaldhehyde, 10 mM NaCl, 0.1 mM EDTA, 50 mM EGTA, 5 mM HEPES pH 8.0, 10 mM PMSF) for 10 min at RT. Crosslinking was halted by adding 0.125 M glycine for 5 min. Then, cells were washed three times in ice-cold PBS, resuspended in ice-cold cell lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP40, 1 mM PMSF, 1X protease inhibitors) and incubated on ice for 10 min. The nuclei were pelleted at 2000 g for 5 min at 41C and then, suspended in ice-cold nuclear lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.8% SDS, 1 mM PMSF, 1X protease inhibitors) and incubated for 30 min on ice. Chromatin was sonicated in the presence of glass beads (150-200 mm, SigmaAldrich Inc.) with pulses of 30 s at 80% of amplitude, centrifuged for 10 min at 41C at 14 000 g, diluted four times with dilution buffer (10 mM Tris-HCl pH 8.0, 0.5 mM EGTA, 1% Triton X-100, 140 mM NaCl, 1 mM PMSF, protease inhibitors), then quantified by using the Nanodrop Spectrophotometer ND-1000 and stored at À801C. For each immunoprecipitation, equal amount of chromatin was diluted with RIPA buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Na-Deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM PMSF) to same volume and precleared by incubation with 20 ml of Protein A/G agarose beads (Santa Cruz Biotechnology) for 2 h at 41C. After preclearing, samples were centrifuged for 10 min at 14000 g at 41, and then incubated overnight at 41C with the primary antibody. We used 6 mg of anti-Ku70/86 (clone 162, LabVision/Neomarkers Fremont, CA, USA) or 4 mg of anti-RNA Poymerase II (clone CTD4H8, Abcam, Cambridge, MA, USA) or without antibody as negative control. Antibody-Ku or -Pol II complexes were recovered by incubating with 20 ml of Protein A/G agarose beads for 4 h at 41C. Beads were centrifuged for 10 min at 14 000 g at 41C and, before washing, the supernatant of the no-antibody control was transferred in a new tube and left on ice, as total input control. Beads were washed five times with RIPA buffer, once with LiCl buffer (0.25 M LiCl, 0.5% NP 40, 0.5% Na-Deoxycholate, 1 mM Na-EDTA, 10 mM Tris-HCl pH 8.0), and once with TE (1 mM EDTA, 10 mM Tris-HCl pH 8.0). Then, beads were resuspended in TE and RNase cocktail enzyme mix (Applied Biosystems) was added to each samples, including to input control. After 30 min at 371C of RNase reaction, cross-linking was reversed by the incubation at 651C overnight, and protein complexes were degraded with the addition of 0.5 mg/ml proteinase K (Sigma-Aldrich Inc.) and 0.5% SDS at 501C for 3 h. DNA was recovered with Phenol/Chloroform extraction followed by ethanol precipitation and resuspended in 30 ml TE.
Quantitative real-time PCR was performed by using 1 ml DNA. Data were normalized to the input and calculated as 2 Analysis of cell viability and apoptosis. Adherent and detached cells were combined and stained with 50 mg/ml propidium iodide before analysis by a FACScalibur instrument (BD Biosciences). Apoptotic cells were evaluated by calculating peak areas of hypodiploid nuclei in previously premeabilized cells (sub-G1).
Immunofluorescence. ETNA cells, grown in 35-mm Petri dishes, were washed in PBS and then fixed with 4% paraformaldehyde in PBS for 30 min. After permeabilization with 0.4% Triton X-100 in PBS for 5 min, cells were blocked in 3% bovine serum albumin (BSA) or 10% normal goat serum (NGS) in PBS for 30 min and incubated over night at 41C with anti-gH2A.X or with anti-8-OHdG primary antibodies (clone JBW301, Millipore; clone 15A3, QED Biosciences Inc., San Diego, CA, USA), in 1% BSA or 2% NGS and 0,4% Triton X-100. Cells were then washed in PBS and incubated for 1 h with Alexa Fluor 488-conjugated goat anti-mouse (Molecular Probes). After rinsing in PBS, cell nuclei were stained with 1 mg/ml DAPI and observed by confocal microscopy with a Leica TSC-SPE confocal microscope equipped with a 63 Â /1.15 Olympus objective and a Leica Application Suite (LAS) software (Leica Microsystems, Wetzlar, Germany). Fluorescence images were adjusted for brightness, contrast and colour balance by using Adobe Photoshop CS (San Jose, CA, USA).
Densitometric analyses of fluorescence images. Quantification of the changes in the immunoreactivity of 8-OHdG signal because of different times of hydrogen peroxide incubation (ctr, T3, T6 and T24) was performed on 8-OHdGpositive nuclei by densitometric analyses. 8-OHdG-positive nuclei associated signals were quantified by manually outlining individual nuclei and measuring nuclear associated fluorescence intensity with the ImageJ software 
